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Quantum oscillations of rectified dc voltage as a function of magnetic field in an
”almost” symmetric superconducting ring
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Periodic quantum oscillations of a rectified dc voltage Vdc(B) vs the perpendicular magnetic field
B were measured near the critical temperature Tc in a single superconducting aluminum almost
symmetric ring (without specially created circular asymmetry) biased by alternating current with
a zero dc component. With varying bias current and temperature, these Vdc(B) oscillations behave
like the Vdc(B) oscillations observed in a circular-asymmetric ring but are of smaller amplitude.
The Fourier spectra of the Vdc(B) functions exhibit a fundamental frequency, corresponding to the
ring area, and its higher harmonics. Unexpectedly, satellite frequencies depending on the structure
geometry and external parameters were found next to the fundamental frequency and around its
higher harmonics.
PACS numbers: 74.40.+k, 74.78.Na, 73.40.Ei, 03.67.Lx, 85.25.-j
The effect of ac voltage rectification in a superconduct-
ing thin-film asymmetric ring with a specially created cir-
cular asymmetry was recently reported [1]. Unlike previ-
ously proposed rectifiers which contained superconduct-
ing loops with tunnel or point contacts [2], the asym-
metric structure proposed in [1] is the simplest and most
efficient ac voltage rectifier with a high magnetic-field-
dependent output signal.
Time-averaged rectified dc voltage Vdc(B) was ob-
served in a circular-asymmetric ring [1] threaded by a
magnetic flux and biased by a low-frequency sinusoidal
current (without a dc component) with an amplitude
close to the critical one at temperatures slightly below Tc.
Vdc(B) is an odd function with respect to B and is pe-
riodically dependent on B with the period ∆B = Φ0/S,
where Φ0 is the superconducting magnetic flux quantum
and S is the effective ring area [1]. The experimental
results in [1] provide indirect arguments for the Vdc(B)
voltage in a single asymmetric ring is directly propor-
tional to the ring circulating current IR. It can then be
supposed that Vdc(B) functions measured at various pa-
rameters can be used instead of IR functions to describe
the quantum state of an asymmetric structure.
The interest to asymmetric rings [1] was also due to
that such but extremely thin-wall rings biased by a mi-
crowave current at T < 0.5Tc could be used in a novel
superconducting flux qubit with quantum phase-slip cen-
ters [3].
In this work, we report an experimental investigation
of ac voltage rectification in a ring where circular asym-
metry was not specially created. The rings studied were
slightly geometrically distorted, the distortion arose dur-
ing structure fabrication and was about 10% of the ring
major wire width. In spite of a weak circular asymmetry
of the rings, the observed rectification effect was fairly
large.
The sample studied was a thin-film aluminum struc-
FIG. 1: AFM image of the structure in a 8260 × 8260 nm2
window. The outer diameter of the ring is 4.1 µm.
ture d = 50 nm thick. It was fabricated by thermal Al
deposition onto a silicon substrate, using the lift-off pro-
cess of electron beam lithography with proximity effect
correction. An atomic-force microscopy (AFM) image of
the structure in an 8.26 × 8.26 µm2 window is shown
in Fig. 1. The ring with a 10% wire widening in the
upper ring part is in the center of the structure. The
width of all narrow wires, except the widened part, is
wn = 0.43 ± 0.02 µm, the width of the widened part is
ww = 0.48±0.02 µm (Fig. 1). The areas of the inner and
outer ring contours are Sin = 8.3 µm
2 and Sen = 13.2
µm2, respectively. The averaged geometrical area of the
ring is, then, Sg = 10.75 µm
2. The structure resistance
in the normal state at T = 4.2 K is R4.2 = 26 Ω, the
ratio of the room to helium temperature resistance is
R300/R4.2 = 2, the electron effective mean free path is
l = 10 nm, Tc = 1.360 K, and the superconducting co-
herence length is ξ(0) = 110 nm.
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FIG. 2: Vdc(B) in the structure at a sinusoidal current of
ν = 1.23 kHz with Iν = 2.4 µA at T = 1.335 K.
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FIG. 3: Fourier spectrum of the function Vdc(B). The sym-
bols S−2, S−1, S1, and S2 refer to satellite frequencies.
Vdc(B) oscillations were experimentally studied in
structures similar to that in Fig. 1 at various ampli-
tudes of bias bias alternating current (without a dc com-
ponent) close to the critical amplitude at temperatures
slightly lower than Tc. The magnetic field perpendicular
to the structure surface was slowly varied during Vdc(B)
measurements. The Vdc(B) curve measured in the struc-
ture of Fig. 1 biased by a sinusoidal current of ν = 1.23
kHz with the amplitude Iν = 2.4 µA at T = 1.335 K
is shown in Fig. 2. The amplitude of the Vdc(B) oscil-
lations behaves non-monotonically and is maximum at
17 Gauss. In fields higher than 40 Gauss, these oscil-
lations become virtually imperceptible. As Iν increases,
the highest maximum of the Vdc(B) oscillations shifts
towards lower fields, because the amplitude of the oscil-
lations depends both on bias current and magnetic field.
For a detailed analysis, the fast Fourier transforma-
tion (FFT) of the Vdc(B) curve is calculated. Fig. 3
shows the FFT spectrum obtained using 212 uniformly
distributed points in the range from−150 to +150 Gauss.
The fundamental frequency of the ring fR is the in-
verse value of the fundamental oscillation period, i.e.
fR = 1/∆BR = S/Φ0. The fundamental frequency value
expected from the ring averaged geometrical area Sg is
fg = 0.52 Gauss
−1. Indeed, the FFT spectrum exhibits
a peak at fR = 0.62 Gauss
−1 close to the geometric value
fg (Fig. 3).
Apart from the fundamental frequency fR, the spec-
trum contains its higher harmonics fRm = mfR, where
m = 2, 3, 4, .... Moreover, additional satellite peaks
around the fundamental frequency and higher harmon-
ics are observed at frequencies fSn = fR + n∆f and
fmSn = mfR+n∆f (n = ...,−3,−2,−1, 1, 2, 3, ...), respec-
tively. For this curve (Fig. 2), the low-frequency value
is ∆f = 0.03 Gauss−1 and corresponds to the magnetic
field Bc = 33 Gauss. It is seen that ∆f determines the
low-frequency background, with higher-frequency quan-
tum oscillations superimposed on it. As external param-
eters and the sample geometry change, Bc behaves like a
field suppressing the superconducting order parameter in
the ring wires but is of slightly smaller value. So, satellite
frequencies arise due to a combined effect of bias alter-
nating and circulating currents and are dependent on the
magnetic depairing factor.
Thus, rings of geometrical inhomogenecity up to 5%
of the major wire width were fabricated. Some struc-
tures had the narrowings (widenings) by 10% with re-
spect to the wire width. In these structures, the effect
of ac voltage rectification was well observable. Since the
magnetic-field-dependent electron quantum transport in
almost symmetric superconducting loops is usually stud-
ied, using a modulation of the measuring dc current by a
weak bias ac current, the side effect of ac voltage rectifica-
tion, which can arise in the structures but was previously
disregarded, should be taken into consideration.
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